Loneliness is a heritable trait that accompanies multiple disorders. The association between loneliness and mental health indices may partly be due to inherited biological factors. We constructed polygenic scores for 27 traits related to behavior, cognition and mental health and tested their prediction for self-reported loneliness in a population-based sample of 8798 Dutch individuals.
| INTRODUCTION
Loneliness is an aversive state that people experience when there is a discrepancy between desired and actual social relationships. The physiological and psychological reactions to loneliness are mechanisms which are likely to have evolved to put the body in a heightened state of alertness in order to prompt us to improve our social circumstances. 1, 2 Loneliness is an unwanted state whereas solitude indicates a preference for being alone. The capacity to tolerate solitude may have potential evolutionary benefits (eg, less stress due to dominance hierarchy, less depletion of resources, increased freedom to choose one's own mental and physical activities 3 ), which may have contributed to the evolution of differential preference for solitude, and thereby individual differences in the susceptibility to loneliness.
Like many other quantitative dimensions that show individual differences, falling in the extreme of the distribution is likely to coincide with mental or physical health problems. 4 Chronic loneliness is characterized by high negative affectivity and social withdrawal and often encompasses psychiatric conditions such as major depression or schizophrenia. 5 When these strong aversive signals of perceived isolation remain present for prolonged periods, they can have detrimental consequences to overall health. [6] [7] [8] [9] [10] [11] [12] A meta-analysis of approximately 3.4 million subjects from 70 independent studies found loneliness to increase the likelihood of death with 26% to 32% within the 7 years that subjects were monitored, which is comparable to the impact of obesity and cigarette smoking.
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Like all human behavioral traits, 13 individual differences in the propensity to feel lonely are partly inherited. Heritability estimates from twin and family studies range from 26% to 58% in children, while in adults the largest study (N = 8683) estimated genetic influences at 37%. [14] [15] [16] [17] [18] [19] The rapid developments in human molecular genetics will likely result in an improvement of the predictive value of measured genetic variants for complex psychological and psychiatric traits. The prediction of genetic mental health risks can be particularly useful during earlier development. The ability to estimate one's genetic predisposition for loneliness and related health risks in an early stage could lead to more effective deployment of environmental interventions, which can eventually translate to improved public health and wellbeing. Genome-wide association studies (GWASs) have only recently reached sufficiently large sample sizes to detect robust and replicable associations between genetic variants and the highly polygenic psychiatric and psychological traits. Significantly associated single nucleotide polymorphisms (SNPs), however, generally explain very little variance individually (<1%), and all genome-wide significant SNPs together usually explain no more than a few percent, although with increases in sample size of GWASs this is rapidly changing. Several methods that look at SNP-based heritabilities, estimated by software packages such as GCTA-GREML, 20 and linkage disequilibrium (LD) score regression, 21 and the association of polygenic scores with pheno- 26, 27 In this study, we use genome-wide SNP genotypes to compute polygenic scores for a range of traits related to loneliness and assess their predictive value for loneliness. Polygenic scores are indicators of the genetic predisposition of a certain trait and are computed by summing all individual alleles weighted by the estimated effect sizes for a specific trait. The predictive power of the polygenic scores is strongly related to the statistical power of the GWASs that produce the effect size estimates.
As loneliness is associated with a wide range of psychological, social and psychiatric traits on which large GWASs have been conducted, we will construct polygenic scores with effect size estimates from a large collection of those GWASs. Loneliness has been associated with a higher prevalence of several psychiatric and neurological disorders, 28 The primary aim of this study was to identify which social, psychological and psychiatric traits share their genetic etiology with loneliness to such an extent that they can be used to produce polygenic scores that have predictive value for loneliness in a population-based sample.
Before we tested the associations of polygenic scores with loneliness, we established which polygenic scores would attain sufficient statistical power. The statistical power depends on the genetic correlation between the traits and loneliness, and the accuracy of the estimated allelic effect sizes, which depends on the power of the GWASs. ), that had an allele frequency difference of >10% with GoNL reference set, HWE P < 10
, Mendelian error rate >5 SD from mean over all markers, or an imputation quality R 2 < .90 were excluded. We then performed a principal components analysis (PCA) to exclude individuals with a non-Dutch ancestry and control for Dutch population stratification following procedures described in Abdellaoui et al. 56 All SNPs that survived QC (N = 1 224 793) were used to construct polygenic scores.
| Power analysis
GWAS summary statistics were available for 31 complex traits related to loneliness. We first investigated which of them would have sufficient power to predict loneliness assuming a genetic correlation of .8, using the power calculation method devised by Dudbridge. , because our own sample was underpowered for LD score regression and gave heritability estimates of 0%; the heritability of the other traits are depicted in Table 1) , (6) Table 1) . Using the power calculation method and Rcode developed by Dudbridge, 22 we built a web-version of the power-calculator for general use that can be found at https:// eagenetics.shinyapps.io/power_website/.
| Polygenic scores
Polygenic scores were created with the estimated effect sizes from recent large GWASs (see references in the first column of Table 1 ).
If NTR studies were part of the meta-analysis, the summary statistics were recomputed excluding NTR subjects in order to avoid an overestimation of the association between the polygenic scores and loneliness. 76 The polygenic scores were computed using LDpred, 75 which models LD using the LD structure of a reference sample (all 5 European populations from the 1000 Genomes dataset in our case: Utah Residents with Northern and Western European Ancestry, Finnish, British, Iberian and Toscani individuals, N = 381). Vilhjalmsson et al 75 showed with simulations and empirically that this method outperforms traditional approaches. 75 This method needs the assumed fraction of causal markers as an input parameter, which we set at .3, based on estimates of previous studies on cognitive and psychiatric traits. 74, 75 Association analyses were carried out using generalized estimation equations (GEE) in (SPSS 22.0, IBM Corp, Armonk, NY). An exchangeable conditional covariance matrix was used to account for the relatedness among subjects (ie, we allowed for correlated residuals between members of the same family) and tests were based on the robust (sandwich-corrected)
SEs. 77 The first 10 genomic PCs, age and sex were included in the model as fixed effects. The association analyses were first conducted for each polygenic score separately, then with all polygenic scores simultaneously in one model.
| RESULTS
We first investigated the statistical power of the polygenic score prediction given a genetic correlation of .8 with loneliness. There were 4 polygenic scores with less than 50% power to detect an association, namely: loneliness based on the GWAS in the Health and Retirement Study (HRS) 24 (continuous and categorical; power: 14% and 20%, respectively), ADHD 78 (power = 26%) and melancholic MDD 79 (power = 46%). These traits were excluded from subsequent analyses, and the power was recomputed for the 27 remaining traits assuming genetic correlations of .2, .4, .6 and .8 ( Table 1) .
The GEE association analyses were corrected for sex, age and the first 10 genetic PCs. When including only the covariates, only sex and age were significantly associated with loneliness, with women and younger individuals reporting higher levels of loneliness (sex:
standardized B = −.124, P = 8.3 × 10 −9 ; age: standardized B = −.071, P = 2.5 × 10 −10 ). Out of the 27 polygenic scores that survived the power analyses, 12 were significantly associated with loneliness when tested separately, with standardized B's varying between .04
and .08: MDD (2 distinct studies, one based on self-report in a webbased survey, 57 and one on structured clinical interviews, clinicianadministered checklists, hospital/medical records or self-report 58 ), neuroticism (2 distinct studies, one based on a web-based implementation of the Big Five Inventory (BFI), 59 and one on a combination of the NEO Personality Inventory, Eysenck Personality
Questionnaire and the International Personality and Item Pool Inventory 61 ), schizophrenia, subjective well-being, the genes shared between schizophrenia and bipolar disorder, depressive symptoms, tiredness, bipolar disorder, conscientiousness and self-rated health (P < .002; see Figure 1 ). Polygenic scores for extraversion, anorexia, openness and autism reached nominal significance (P < .05). Twelve polygenic scores did not reach significance, despite sufficient power to detect associations with traits with medium to high genetic correlations. All psychiatric disorders were positively associated with loneliness, that is, a higher genetic risk for psychiatric disease was associated with increased loneliness. A higher genetic predisposition for neuroticism, openness, tiredness or self-rated health was associated with higher levels of loneliness. Negative associations were observed for well-being, conscientiousness and extraversion.
As expected from the genetic correlations among psychological and psychiatric traits, the polygenic scores show considerable correlations with each other (see correlation matrix in Figure 2 ). We analyzed all 27 polygenic scores simultaneously in one model in order to assess their independent contributions: only the 2 MDD scores reached significance after multiple testing correction (Figure 1) . In order to test whether these 2 MDD scores were responsible for associations with The polygenic scores collectively explain 1.7% of the variance, while the 2 MDD scores together explain 1.1%.
| DISCUSSION
As genomic studies are advancing, it is becoming evident that much,
if not most, of human phenotypic variation is influenced by genetic variants of pleiotropic nature. 80 Psychiatric disorders show a substantial genetic overlap with each other and with nonpsychiatric cognitive and behavioral traits. 81 In this study, we investigated the predictive power of polygenic scores of a large collection of personality, cognition and physical and mental health-related traits on feeling lonely.
We constructed the polygenic scores from genome-wide SNP data in a Dutch population-based cohort using summary statistics from a wide range of GWASs. 
FIGURE 2
Partial correlations between 27 polygenic scores, adjusted for sex, age and the first 10 genetic principal components. The size of circles corresponds to the strength of the correlation identify such adaptive roots with much certainty. 85 The prevailing hypothesis on the evolutionary benefits of loneliness is based on humans having adapted to live in groups; for social creatures, loneliness may have increased the chances for survival and reproduction through the motivation to improve one's social circumstances. 1 A related evolutionary mechanism that has been widely proposed for depression is the social risk hypothesis, in which depression causes one to minimize the risk of social exclusion due to an imbalance of one's social value and social burden. 86, 87 The analytical rumination hypothesis 88 for depression is also in line with existing evolutionary explanations of loneliness, in which depression-related problems (in the case of loneliness: perceived social isolation) are given priority access to the limited processing resources of the brain by decreasing positive affect and desire for other activities. The analytical rumination hypothesis would explain why loneliness increases depressive symptoms, while depression influences loneliness in much lesser extent, 34, 35 and why sensitivity for negative social cues is increased in lonely people. 7, [89] [90] [91] [92] This increase of sensitivity of negative social cues is in line with the evidence for the existence of different subtypes of low mood to cope with different kinds of fitness-relevant situations. 93 In this context, loneliness could be interpreted as the employment of specific biological "depression" faculties to cope with or warn against a specific fitness-threatening situation (social isolation), just as there are specific types of pain to warn against different types of physical injury. Such a relationship would likely result in the significant genetic overlap between loneliness and depression that we observe in this study.
After depression, neuroticism showed the strongest association with loneliness. Cacioppo et al 34 showed that the relationship between loneliness and depression is independent from the relationship with sensitivity for negative emotions, that is, neuroticism; our data showed that this independent relationship is measurable at the DNA level. An essential difference between neuroticism and depression as well as loneliness is that neuroticism is a relatively permanent individual characteristic, while depression and loneliness usually reflect a temporary change in one's state. Neuroticism nevertheless shows a strong genetic correlation with depression (.75). 61 We showed in another molecular genetic study that loneliness and neuroticism also have a considerable shared genetic etiology with an estimated genetic correlation between .7 and .8. 23 When analyzing the polygenic scores separately, we see a strong negative association with the polygenic score for subjective well-being which, despite relatively low power, suggests a genetic correlation with subjective wellbeing in the same range (or higher) as the genetic correlation with neuroticism and depression. This genetic correlation is likely due to genes that subjective well-being shares with neuroticism and/or depression, which have genetic correlations with well-being of approximately −.8. 61 The genetic influences these traits share are most likely those that underlie processes related to mood and/or the sensitivity to negative emotions.
After depression and neuroticism, schizophrenia showed the strongest association with loneliness. The association with schizophrenia was due to the genetic component that schizophrenia shares with bipolar disorder, which also remains significant after accounting for the 2 MDD scores. The genetic component that differentiates between schizophrenia and bipolar disorder was not associated with loneliness, despite a relatively powerful polygenic score (standardized B = .005, P = .681). A meta-analysis on the effectiveness of interventions for loneliness proved addressing maladaptive social cognition to be the most effective intervention, as compared with interventions directed at improving social skills, enhancing social support or increasing opportunities for social contact. 94 Impaired cognition is a core feature of both schizophrenia and bipolar disorder, with schizophrenia showing more impaired social than nonsocial cognition compared with bipolar disorder, 95 which may explain the stronger association between loneliness and schizophrenia. As the predictive power of molecular genetic data increases, polygenic scores based on
GWASs that capture these features may aid in further narrowing down which individuals would benefit most from interventions that target social cognition.
Gao et al 24 investigated the association between loneliness in approximately 7000 unrelated individuals from the HRS and polygenic scores for 6 traits: neuroticism, extraversion, schizophrenia, bipolar disorder, MDD and depressive symptoms. They found a significant association only with neuroticism and depressive symptoms.
The reason that our strongest predictors, MDD, did not reach significance in their study was likely due to the differences in the sample sizes of the MDD GWASs: 18 759 in Gao et al 24 and over 160 000 in our study. The power to detect associations with additional traits that did not reach significance in their analyses (schizophrenia and bipolar disorder) may be due to our larger sample size and the use of LDpred to construct polygenic scores, which increases power by optimizing the effect size estimates of individual SNPs by incorporating the genome-wide LD structure. 75 Polygenic scores tend to explain a few percent of the variance for most human behavioral traits, making the 1.7% explained variance for loneliness relatively promising, especially considering the plateau
has not yet been reached, and considering that age and gender combined explained only 0.9% of the individual differences. When effect sizes of genome-wide SNPs are mapped accurately enough, polygenic scores can potentially reach a stronger predictive power than that of family history. While perfect prediction will never be reached, more powerful genetic studies may lead to clinically useful polygenic scores and could be employed to help combat preclinical mental health outcomes such as loneliness. Our results show the presence of a shared genetic etiology between the propensity to feel lonely and traits related to personality, mood, negative affect, well-being, somatic health and susceptibility to psychiatric disorders. Amsterdam.
